Composite specimens with epoxy matrix containing original and treated Ultra High Modulus Polyethylene (UHMPE) fibres as reinforcement, were immersed in distilled water and kept for 10 months at temperatures ranging from 20 to 60°C. Testing of flexural properties and interlaminar shear strength showed that in general the hygrothermal treatment had a detrimental effect on those properties, with the exception of flexural modulus which tends to increase after immersion at 20°C for specimens of poor fibre/matrix interfacial bonding.
Introduction
The effect of water absorption on mechanical properties of composites has been the subject of many studies in the past, since it is of great importance to obtain information about the response of these materials in different operating conditions and predict their performance in service. Many investigators have studied epoxy composites, when they are exposed to hygrothermal conditions. Under these conditions water is absorbed in the epoxy matrix, which is then diffused until an equilibrium between environment and material is established. In the absence of any other interaction, the absorbed water acts as plasticizer and influences mechanical and physical properties. Furthermore, an attack on the adhesive bonding between fibre and resin is expected and therefore, the deterioration of the fibre-matrix interface could be anticipated.
Hygrothermal treatment of epoxy resins cross-linked with amines at a high crosslink density, results in reduction of strength and increase in elasticity, attributed to the plasticizing effect of water. Also, the water absorption causes an increase of the low frequency dielectric losses in epoxy resin composites [1] . Doxsee et al [2] studied the effect of the surface treatment on mechanical response of aramid-epoxy composites exposed to warm, humid environments and established a quantitative relation between interlaminar shear strength and moisture concentration. The authors came to the conclusion that specimens with treated fibres present strength greater than that with untreated fibres. However, the improvement due to the fibre surface treatment was not evident at higher moisture concentrations.
The interlaminar shear strength (ILSS) of aramid/epoxy composites, immersed in distilled water and saline solution, was found to be influenced by a similar deterioration mechanism. However, higher absorption rate was recorded for specimens in distilled water which resulted in faster decrease of ILSS values [3] . Imaz et al [4] studied the influence of hygrothermal environment on mechanical behaviour of carbon fibre/epoxy laminates. It was reported that absorption obeys the Fick's law and, independently of the established hygrothermal conditioning, there is a progressive decrease in mechanical properties such as flexural stress. Failure mechanisms of composites reinforced with graphite-fabric upon flexural stress have been proposed, following ageing in dry, wet and hot environment. Prolonged dry ageing at 170°C is reported to cause reduction in flexural properties. On the other hand, ageing in hot water is accompanied by a drop in Tg but the mechanical properties and failure mechanisms are hardly affected. It was found that curing at high temperature or post curing improves the hygrothermal stability of composites through advanced cross-linking in matrices cured with dicyandiamide [5] .
The effect of hygrothermal treatment on the flexural properties of Kevlar49-graphite/epoxy hybrid composite was investigated in the temperature range of -50 to 150°C. The results showed that the apparent flexural strength decreases with the increase of temperature and the absorption of moisture further reduces the flexural strength within the same temperature range. At low temperature (-50°C) the absorption of moisture resulted in an increase of the flexural strength [6] . Unlike aramid fibre composites where both fibres and matrix absorb moisture, other reinforcements such as carbon, glass and polyethylene fibres are hydrophobic. Since moisture is transported through the resin to the fibrematrix interface, it is evident that the surface treatment of the fibre plays an important role on the properties of the interface and hence it influences the overall hygrothermal properties of the composite. Ladizeski & Ward [7] studied the water absorption of epoxy-resin composites reinforced with original and plasma-treated UHMPE fibres in comparison with pure epoxy resin specimens. They observed that due to the hydrophobic nature of UHMPE fibres, these composites absorb 60% less water than the pure resin. Also they reported a 20% reduction in the interlaminar shear stress (ILSS) upon 2.3% water absorption. However, the authors claim that the fibre-resin interface does not provide an easy path for water diffusion , which is consistent to the fact that composites containing plasma treated UHMPE fibres, behave the same as those reinforced with original fibres. More recently, some research was conducted with specimens of epoxy resin reinforced with UHMPE fibres which were immersed in water and their swelling characteristics were recorded at various temperatures. In this study specimens containing original, calendered and corona treated fibres were tested in order to explore the role of the fibre/matrix interface during water sorption. UHMPE fibres were found to restrict the amount of absorbed water. However, specimens with poor interfacial properties, such as those with the original fibres, showed enhanced sorption since the surface area is drastically increased. As expected, the increase of temperature had a positive contribution to water sorption and furthermore, it seemed to affect the fibre/matrix interface, especially with calendered fibres. On the other hand, the increase of filler volume fraction leads to a decrease in the amount of water uptake. The water transport in the neat epoxy resin specimens seems to be diffusion controlled and this behaviour was also recorded for the composite specimens reinforced with original UHMPE, which presented the maximum absorption [8] .
In the present work, the same as above specimens were immersed in distilled water and kept at different temperatures for a long period of time. After this exposure their mechanical properties were tested, in terms of the changes in Flexural and ILSS properties. The aim of this study was not only to obtain data about the behaviour of those materials after prolonged immersion in warm water but also, to explore the interactions between penetrating water and the components of reinforced epoxy resin. The focus of those interactions is the effect on the adhesive bonding at the fibre/matrix interface. Experimental Materials Commercial UHMPE multifilament yams was used in this work, namely, Tekmilon NA310 (Mitsui Petrochemicals Industries KTD, Japan). Corona treated, Tekmilon NC31O, and calendered at 130°C fibres were used for comparison. Calendering of UHMPE fibres is an already reported procedure [9, 10] which employs a motor driven two-roll mill, with adjustable rotation speed and temperature of cylinder. The epoxy resin for making the matrix of composite specimens was a two-component system based on diglycidyl ether of Bisphenol A and an oligomeric amide as hardener (Epikote 828 and Epilink 175, Shell Chemicals Hellas).
Pre.paration of specimens Unidirectional composite specimens were prepared by the leaky mould technique. This technique involves the use of an open-ended, two-part mould, which produces a single composite bar. The procedure adopted was as follows [11]: The fibres were soaked/impregnated with the system epoxy resin/curing agent. After coating the mould with a silicone release agent (Frekote 1711, Dexter Corporation), the fibres were laid down in the groove and liquid resin was poured in until soaking was complete. The upper part of the mould was then placed in position and the mould was transported to a hydraulic press with the appropriate spacers. to produce 2.4 mm thick specimens. The excess resin was expelled by squeezing the mould. The desired fibre volume fraction (Vf) was achieved by changing the number of UHMPE yams in the mould. The samples prepared, were cut with a fine band-saw, into rectangular bars with dimensions 100x9.5x2.4 mm. The specimens were dried in vacuum, at room temperature for two days and then weighed and placed in conical flasks containing 250 ml deionized water. Hygrothermal treatment was carried out at temperatures ranging from 20 to 60°C, for a period of 10 months.
Mechanical tests
Mechanical testing of unidirectional composite specimens was carried out in an INSTRON 11706 TT-CM tensometer. The flexural properties were measured by three-point bending tests, according to ASTM S 0790-92. The selected support span-to-depth ratio was Lld= 32/1 with a specimen length of 100mm .The Interlaminar Shear Strength (ILSS) was determined using a short-beam bending rig, according to ASTM 02344-84. The specimen support span to thickness ratio was 4 and the specimen length to thickness ratio was 6. Before testing, the samples were conditioned in a vacuum oven at room temperature for two days. In all tests the average of 5 measurements was calculated.
Results and Discussion
The flexural strength of specimens immersed in distilled water, at 20, 40 and 60°C is presented as a function of filler volume fraction (Vf) in Figures I, 2 and 3 . In the same Figures, a curve corresponding to the dry specimens before treatment, is also included as a reference. It is clear that hygrothermal cure of specimens containing original UHMPE fibres results in an improvement of the flexural strength at least for values of Vf up to 0.4 and temperatures up to 40°C. This could probably be attributed to the increase of flexibility of the epoxy matrix because of the plasticizing effect of absorbed water. However, treatment in water at 60°C leads to products with lower strength than the as-received specimens. The same behaviour can also be observed at 40°C for Vf above 0.4, which suggests that increased water uptake due to the elevated temperature of high Vf results in deterioration of properties. This is consistent with the results of ref 8, which were explained by the fact that high Vf facilitates penetration of water as it increases the total surface area of the specimen, especially in case of insufficient adhesive bonding between fibre and matrix. It was also found that the untreated original UHMPE display poor interfacial characteristics, whereas the corona treated fibres show the best interfacial properties followed by the calendered fibres.
Similarly, Figure 2 shows the effect of water on specimens with calendered fibers and clearly demonstrates a decrease in flexural properties in general, with the exception of specimens of high Vf treated at low temperature. Very interestingly, in this case an increase of the flexural strength with Vf is observed, which is not in agreement with the dependence observed with the dry specimens. Finally, specimens with corona treated fibres present improved properties upon immersion at 20°C but further increase of temperature results in a decrease of strength (Figure 3) . The effect seems to remain the same as that observed with the dry specimens.
The role of water absorption on the flexural modulus of specimens reinforced with original, calendered and corona treated fibres are shown in Figures 4, 5 and 6 respectively. It can be seen here that an increase of modulus with Vf is recorded in all cases. Also, water absorption at the temperature of 20°C seems to have a beneficial effect on the modulus. This effect is stronger in original and corona treated fibres and probably suggests that a more even distribution of loading takes place, due to some plasticization of the epoxy matrix. On the other hand, at higher temperatures water absorption is enhanced and other interactions (such as deterioration of the interface, softening of epoxy etc.) control the mechanical response of specimens.
The ILSS are shown in the bargraph of Figure 7 . From this graph it is clear that a decrease in strength is recorded upon immersion in water for all types of reinforcements, which is further enhanced by increasing the temperature of treatment. In this case, the specimens reinforced with calendered fibres display lower strength reduction compared to those with original and corona treated UHMPE fibres. It should be noted that these specimens were found to absorb higher amounts of water and this probable results in a softening of the epoxy matrix and prevents the ILSS from extended deterioration. #
Conclusions
The flexural properties of epoxy specimens reinforced with UHMPE fibres are, in general, deteriorated by hygrothermal treatment. The effect is stronger in cases of poor fibre/matrix interfacial properties, such as the original and calendered fibres. The observed increase in flexural modulus upon immersion at low temperature was attributed to the softening of epoxy which also, might be responsible for lower decrease of ILSS in specimens with calendered UHMPE. 
